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Abstract
Interference management is important in wireless cellular networks such as long-term evolution (LTE) and LTE-A,
where orthogonal frequency division multiple access (OFDMA), dense frequency reuse and heterogeneous cell sizes
and capabilities provide great performance at the cost of increased network complexity. The layered structures of
emerging cellular networks and their dynamic environments limit greatly the efficacy of traditional static interference
management methods. Furthermore, conventional interference coordination techniques assume that perfect channel
knowledge is available and that the signalling overhead can be neglected. In this paper, we analyse a heterogeneous
LTE OFDMA downlink network composed by macro-, pico- and femtocells. We propose a low-complexity, distributed
and cooperative interference mitigation method which is aware of network load and propagation conditions. The
proposed method is fully scalable and addresses the interference received by the macro and pico layer and the
interference received by femtocells separately. The new solution makes use of the iterative Hungarian algorithm,
which effectively reduces interference and enhances the quality of service of starved users when compared to other
state-of-the-art solutions. The proposed method outperforms static solutions by providing comparable results for the
cell edge users (the proposed solution delivers 86% of the gain of a static frequency reuse 3) while presenting no loss
at the cell centre, compared to an 18% loss of the frequency reuse 3 in a homogeneous scenario. In a heterogeneous
network (HetNet) deployment, it generates a gain of 45% for the combined macro and pico edge users at a very small
cost for the cell centre lower than 4% when compared with standard resource allocation. It optimizes greatly picocell
performance, with improvements of more than 50% at a small cost for femtocell users (15%). In order to apply the
proposed method to a practical network, the impact of the necessary quantization of channel state information on
the interference management solution is studied and results show that signalling overhead can be contained while
performance is improved by increasing resolution on the portions of the bandwidth more likely to be assigned to the
users.
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1 Introduction
The rapid increase in mobile devices in recent years has
pushed the mobile service providers to implement new
technologies to enhance the network’s capacity and pro-
vide a faster, more reliable service. The ‘de-facto’ standard
for current generation of high-speed cellular commu-
nication networks is the long-term evolution (LTE)
system [1].
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A key feature of LTE is the use of orthogonal frequency
division multiple access (OFDMA). OFDMA was chosen
as LTE’s downlink access scheme as its flexibility allows
the operator to allocate resources to each user indepen-
dently, increasing the system’s flexibility to exploit channel
and multi-user diversity. On the other hand, the need
for capacity growth has brought operators to increase
the network’s density and to push for a high-frequency
reuse factor. Inter-cell interference (ICI) is then a prob-
lem that has to be addressed in order to provide the user
with the quality of service (QoS) necessary for a reliable
communication.
Traditional inter-cell interference coordination (ICIC)
strategies for homogeneous networks include careful
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planning, spectrum splitting or power control. One of
the typical techniques found in literature to reduce the
impact of ICI is frequency reuse (FR) [2]: the available fre-
quency band in the cell is split into one part for ‘centre
users’ and an other one for ‘edge users’. This frequency
assignment can either be static or dynamic; static tech-
niques, such as Soft FR [3] and Fractional FR [4] offer
good interference mitigation but at the cost of a lim-
ited spectral efficiency. These static techniques do not
take into consideration the load of the network or chan-
nel conditions; the spectrum is assigned statically to edge
users also when the bandwidth could be used by cell
centre users. Central users have favourable channel con-
ditions; they are bandwidth limited and not interference
limited so allocating part of their spectrum to edge users
will limit their data rate. Dynamic techniques, on the
other hand, can adapt to the network’s operating condi-
tions and do not require any prior frequency planning. In
[5], an adaptive self-organizing FR scheme is proposed.
It delivers interesting results yet it relies largely on off-
line simulations to achieve a solution space, making it
impractical in scenarios where the network might change
drastically and unpredictably, e.g., in heterogeneous net-
works or servicing high-mobility users. In [6], a dynamic,
distributed resource allocation algorithm is presented,
where users are allocated only on high-gain subchannels.
Subsequently, neighbouring cells communicate their edge
users’ resource allocation to each other in order to min-
imize interference. Then, power control is applied onto
the assigned subchannels. Themethod provides increased
cell edge performance without, however, analysing the
degradation at the cell’s centre. Typically, techniques that
improve cell edge have large penalty on cell centre, so it
should be studied. Wang et al. in [7] introduce a central-
ized dynamic fractional frequency reuse scheme which
shows an improved behaviour for edge users but makes
use of a centralized controller. Rahman et al. presented
two ICIC (ICI coordination) schemes based on the itera-
tive Hungarian algorithm (IHA). In [8], they introduce a
distributed mechanism in which neighbouring base sta-
tions communicate to coordinate ICI limitation. In this
work, the overall propagation conditions of the network
are not considered and ICIC is allowed only between pairs
of neighbouring sectors. In [9], they extend their previ-
ous work by introducing a centralized controller which
improves ICIC over [8].
The introduction of small cells, such as pico- and fem-
tocells, has further increased the complexity of ICI man-
agement. Picocells (PeNB) are managed by the network
operator and share spectrum and resources with the larger
macrocells (eNB). These small cells are, generally, care-
fully placed to compensate for heavily congested areas or
for poor coverage, e.g. indoors. Picocells share a backhaul
connection with macrocells and can thus communicate
with each other and allow for synchronization and coor-
dination. Femtocells (HeNB), on the other hand, are small
cells owned and managed by private customers and are
generally designed to be indoor access points [10]. Com-
munication between macro- (pico-) and femtocells is not
envisioned, and hence, coordination between the two lay-
ers is impossible [11]. In order to mitigate interference
from femto base stations, different strategies have been
presented. One way would be to utilize orthogonal spec-
trum for the two layers, in a way similar to fractional FR,
at the cost of spectral efficiency [12]. To maximize spec-
tral efficiency, then macro and femto base stations have
to work in shared spectrum (or co-channel deployment),
interfering with each other. Kosta et al. [13], Kaimaletu
et al. [14] contain surveys of the most common ICIC
techniques used in literature.
The vast majority of ICIC techniques makes the
assumption that the users are able to determine their
channel conditions for the whole bandwidth with a high
resolution. Furthermore, each user is supposed to differ-
entiate between the interfering base stations. In a practical
system, however, there is a limit in channel state informa-
tion (CSI) estimation accuracy as well as feedback band-
width availability. The users are only able to report CSI
information on a limited subset of the overall bandwidth.
They might not be able to identify the highest interferer
and this interferer’s power, on the complete bandwidth, as
assumed by traditional ICIC schemes.
In this work, we present a simple, cooperative,
distributed interference management scheme which
addresses interference problems experienced and gener-
ated by macro, pico, and femto base stations. The prin-
ciples used to provide ICIC are identical for all three
cell types; however, the method adapts to the different
base station capabilities. Each base station uses the chan-
nel state information from its serving users to obtain
knowledge on the interfering cells; then, this information
is exchanged. In order to minimize interference, macro
base stations are able to restrict transmission on por-
tions of the bandwidth if this would maximize the overall
network capacity. The procedure follows similarly for pic-
ocells, the only difference is that, since picocells are much
smaller, they allow for power control. Instead of limit-
ing transmission on whole portions of the bandwidth, a
water-filling power control is applied to reduce interfer-
ence, according to [15]. The cooperative nature of the
proposed method,allows each base station to limit inter-
ference to the neighbours in a way that optimizes the
overall network’s conditions. As femtocells are unable to
communicate with other base stations, in this work, it
is assumed that they exploit spectrum sensing in order
to detect macro communications; they are able to sense
the environment and overhear uplink communication
between a macrocell user and its serving base station if
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such user is close enough to the femtocell. Cognitive fem-
tocells can make use of advanced sensing technologies
such as presented in [16] and are currently studied as
potential solutions for the small cell coordination problem
[17,18].
Furthermore, in [19], we have shown that it is possible
to limit the amount of CSI feedback adaptively when too
detailed information is not beneficial for overall system
performance, i.e. the cost of feedback is higher than the
benefit. Hence, the second contribution of this work is to
extend the ICIC method here presented to a practical sys-
tem where the channel state information can be reduced.
We analyse the impact of this quantization on the system
and suggest a solution to enhance performance.
This paper is further organized as follows. In Section
2, we introduce the system model and describe the base
station capabilities. In Section 3, the proposed algorithms
are presented and discussed, and in Section 4, we show
the improved results for the proposed method based on
simulations when highest CSI is assumed. In Section 5,
we discuss the effects of channel state information qual-
ity on ICIC and the uplink feedback. In Section 6, the
conclusions are summarized.
2 Systemmodel of LTE-A downlink network
We consider a heterogeneous LTE downlink OFDMA net-
work composed of C macro base stations (eNBs). Each
macro base station is composed by S orthogonal sectors;
each sector is responsible to serve a portion of the overall
cell area. There are, thus, a total of M = C · S macrocell
sectors in the network. We also simulate P picocells and F
femtocells. These small cells contain only one sector each.
Each macrocell’s sector serves Xm terminals while each
pico and femto base station serve Xp and Xf users, respec-
tively. K physical resource blocks (RBs) can be allocated
per sector. The number of RBs is dependent on the
cell’s bandwidth and can vary between 6 (1.4 MHz band-
width) and 100 (20 MHz bandwidth). In order to simulate
the environment, a modified version of the LTE system
level simulator developed by Ikuno et al. [20] is used.
Each terminal possesses, initially, channel state knowledge
between itself and each of the interfering base stations on
each RB. This resolution can then be decreased to study
the effects of CSI quantization on the resource allocation
and interference management. When each base station
transmits on all possible resource blocks, the signal-to-
noise-and-interference ratio (SINR) at the user’s terminal
xi, on RB k, is given by:
γxi,k =
Pixi,k · Gixi,k
σ 2 +∑j=1
j =i
Pjxi,k · G
j
xi,k
, (1)
where Pixi,k represents the power transmitted by base sta-
tion i to its served terminal xi on RB k and Gixi,k is the
corresponding channel gain. Pjxi,k and G
j
xi,k are the pow-
ers transmitted and the gains from the other base stations,
j = i, which are interfering to the user xi on resource
block k. σ 2 is the noise power at the terminal. According
to [21], the SINR measured by the mobile user is mapped
onto respective channel quality indicator (CQI). Each CQI
represents the highest possible modulation and coding
scheme (MCS) the terminal can process with a block error
rate lower than 10%. This MCS defines then the instanta-
neous throughput the user would achieve per RB. Table 1
shows this mapping.
The users then exchange this information with the base
stations as CSI. Each sector is designed to have a well-
defined coverage region as depicted in Figure 1a. While it
is reasonable to assume that the closest neighbours con-
tribute to the largest part of the interference, it is also
important to notice that when phenomena like shadow-
ing and channel fading are considered, the geometry of
the network varies drastically. Figure 1b shows how the
sector coverage areas may be affected. Hence, the con-
cept of neighbour needs to be redefined, not as a spatially
close sector but as a sector that influences substantially
the SINR.
The instantaneous data rate rxi,k for user xi on RB
k can be directly determined from the SINR γxi,k . As
the network operator has control of the macro and pico
nodes, the objective of the resource allocator is then to
maximize the overall rate by minimizing the interference
received and generated by these nodes. In order to allocate
Table 1 SINR and CQI mapping tomodulation and coding
rate at full load
SINR CQI Modulation Code rate Spectral
(×1,024) efficiency
−6.93 1 QPSK 78 0.1523
−5.14 2 QPSK 120 0.2344
−3.18 3 QPSK 193 0.3770
−1.25 4 QPSK 308 0.6016
0.76 5 QPSK 449 0.8770
2.69 6 QPSK 602 1.1758
4.69 7 16QAM 378 1.4766
6.52 8 16QAM 490 1.9141
8.57 9 16QAM 616 2.4063
10.36 10 64QAM 466 2.7305
12.28 11 64QAM 567 3.3223
14.17 12 64QAM 666 3.9023
15.88 13 64QAM 772 4.5234
17.81 14 64QAM 873 5.1152
19.82 15 64QAM 948 5.5547
Chiumento et al. EURASIP Journal onWireless Communications and Networking  (2015) 2015:74 Page 4 of 11
Figure 1 Coverage areas. (a)Well-defined coverage region. (b) How the sector coverage areas may be affected.
resources optimally, the total sum rate of the network has
to be maximized, according to:
max
M+P+F∑
i
Xi∑
xi
K∑
k
rxi,k · dxi · axi,k (2)
where
axi,k =
{
1 when user xi is assigned on RB k
0 otherwise
(3)
Xi∑
xi
axi,k ≤ 1,∀k ∈ K , (4)
K∑
k
Pk ≤ Pmax for all base stations (5)
dxi is called a demand factor, it is introduced to add some
fairness to the allocation; dxi = μxiR¯ where R¯ is the average
rate received by the user over a past time window and μxi
is the requested rate. The users that receive the lowest rate
in the previous transport blocks are then advantaged in
the resource allocation process. Constraint (4) makes sure
that one RB k might not be assigned to multiple users in a
cell. Constraint (5), on the other hand, makes sure that the
sum of the power transmitted by a base station on all the
resource blocks on each RB remains below the maximum
allowed power; the power in (5) is then the same as in (1).
A computational solution for this problem is difficult to
find [22]. The Hungarian algorithm (HA) was firstly pro-
posed by Kuhn [23] as a simple solution to binary integer
problems under specific conditions, and its iterative ver-
sion [9] has been studied as a good sub-optimal solution
for a generic assignment problem where the number of
users and frequency resources can vary dynamically.
Additionally, pico- and femtocells are able to perform
power control. While macro base stations can either
transmit at full power or not transmit at all on spe-
cific RBs, the small cells can reduce power so to min-
imise interference but still allow for communication on
those RBs.
3 Proposed scalable interferencemanagement
approach
The scope of this section is to present a distributed inter-
ference management scheme which solves problem (2
to 5), which is not computationally intense and can be
applied to practical heterogenous networks (HetNets).
The proposed scheme is divided into two parallel parts.
The first part deals with interference coming from neigh-
bouring macro or pico base stations while the second
part deals with the interference generated by femto base
stations.
3.1 Macro and pico interference management
The ICI mitigation technique is composed by two phases.
Firstly, in the ‘restriction definition’ phase, each sector
determines locally which other sectors are producing
harmful interference on specific resource blocks and gen-
erates a list of resource blocks that the interfering sectors
would have to restrict or limit transmit power in order
to improve on that sector’s throughput. This is done con-
currently with the sector’s internal resource scheduling.
Secondly, the sectors exchange information with the inter-
fering sectors and in the ‘restriction negotiation’ phase
each sector computes which resource blocks it has to
restrict in order to maximize the overall network through-
put. The IHA algorithm will be used here to determine
which restrictionsmake sense from a system point of view.
Below, the details of the algorithms are explained and
summarized in Algorithm 1.
Before the actual introduction of the algorithm, a clar-
ification of the notations used in this work is necessary.
Every scalar used in this work is being expressed using a
lowercase italic letter, i.e. x; an array is presented by a low-
ercase bold italic letter, such as l and a matrix is written
using a bold capital letter: Y a∗b where a and b represent
the rows and columns of the matrix, respectively. Each
entry of suchmatrix is expressed with the same letter used
to name the matrix, but in lowercase.
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Algorithm 1: Algorithm for macro and picocell
interference coordination
1 Phase One: Restriction definition
2 % Base station’s sector receives CSI information from the served
users and maps it into received and ideal utility as defined in (6)
3 for x ∈ X do
4 for k ∈ K do
5 γ 1x,k −→ r1x,k −→ u1x,k
6 γ 2x,k −→ r2x,k −→ u2x,k
7 end for
8 end for
9 % The sector applies IHA onU1 and compares entries with toU2 to
find Restriction List R
10 Kh = K
11 while U1 = ∅ do
12 HA = hungarian(U1)
13 for r ∈ rows ofHA do
14 if the entry kh of HA is allocated and
u2r,kh ≥ u1r,kh + thresholdr then
15 tkh = [ 1; u
2
r,kh ; max interferer for RB kh ; γ
2
x,k − γ 1x,k ]
16 end if
17 Delete columns of U1,2 corresponding to allocated RBs
18 Delete entries of Kh corresponding to allocated RBs
19 end for
20 end while
21 % Sector shares matrix R with all the interfering neighbours
22 Phase Two: Restriction negotiation
23 % Build cluster utility matrix Z
24 %Maximize Z to find restricted RBs
25 Ks = K
26 while Z = ∅ do
27 HA = hungarian(Z)
28 for r ∈ rows ofHA do
29 if the entry ks of HA is allocated then
30 Ar,ks = 1
31 end if
32 end for
33 Delete columns of Z corresponding to allocated RBs
34 Delete entries of Ks corresponding to allocated RBs
35 end while
36 % Now the sector knows which RBs is supposed to use from A and
determines which ones it has to restrict restrict
37 for s ∈ Interfering Neighbours do
38 for k ∈ K do
39 if as,k = 1 and the max interferer of sector s on RB k is
current sector then
40 if current sector is macrocell then
41 Pk = 0;
42 else
43 γ difs,k = γ 2s,k − γ 1s,k
44 Pk = max(Pmax − γ difs,k , 0)
45 end if
46 end if
47 end for
48 end for
3.1.1 Restriction definition
A sector receives the CSI packets containing the CQIs
from all the attached users and the power received by
each user on each resource block from all the neighbour-
ing base stations. The CSI packets also contain the rate
requested by each user and the set of RBs assigned to
each user by the base station scheduler. The base station
i then, computes the SINR that each user xi experiences
on all the resource blocks: γ 1xi and the SINR γ
2
xi the user
would experience if the highest interfering sector on each
resource block is forced to zero. These SINR values are
then mapped into their relative data rates, r1xi and r
2
xi , for
each user xi using the MCS schemes from Table 1. The
rate vectors of each user are then converted into utility
vectors u1 and u2 defined as:
u1xi,k = r1xi,k · dxi and u2xi,k = r2xi,k · dxi ; (6)
where dxi is the demand of user xi. All the utility vectors
u1xi and u
2
xi are then collected in two utility matrices U1
and U2 of dimensions Xi · K , where Xi is the number of
users served in the cell (either Xm or Xp). The restriction
choice of a specific resource block k is performed by com-
paring the utility u1xi,k user xi experiences on RB k with the
higher utility u2xi,k and a threshold value thxi,k :
If u2xi,k ≥ u1xi,k + thxi , (7)
then user xi would see an improved data rate on RB k
if the highest interfering sector would be restricted; thxi
can be dynamically adjusted, in this paper, it is equal to
the minimal rate requested (see Table 2). If a user is well
placed (i.e. in the cell centre), or does not witness interfer-
ence, the improved utility u2 would not be considerably
higher than the measured one u1. This criterion, then,
Table 2 System parameters
Parameters Symbols Values
Number of macrocells M 7
Sectors per macrocell S 3
Inter macrocell distance 500 m
Macrocell radius 150 m
Macro users per sector Xm 20
Macro transmit Power 46 dBm
Number of picocells P 5
Picocell radius 20 m
Pico users per sector Xp 4
Pico transmit Power 20 dBm
Number of femtocells F 10
Femtocell radius 10 m
Femto users per sector Xf 2
Femto transmit power 10 dBm
System bandwidth 20 MHz
Available resource blocks 100
Carrier frequency 2.1 Ghz
Propagation model WINNER II model [24]
Internal base station scheduler Hungarian scheduler
Antenna configuration SISO
Traffic model Full buffer
Minimal throughput requested th 1 Mbps
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targets users which see an improvement when the inter-
ference is reduced, generally speaking these are referred
to as ‘starved users’.
Not all the resource blocks that fulfill the above crite-
rion will actually be blocked or used at limited power by
the neighbours but only the ones that maximize the utility
of the sector when all the attached users are scheduled on
all the available resource blocks: each sector generates a
restriction list R by applying the iterative Hungarian algo-
rithm onto the utility matrix U1. At each iteration h, the
HA determines which set of RBs kˆh can be assigned to the
attached users X , as defined in the system model section,
so that the utility of the scheduled users for that trans-
port block is maximized. This optimization considers
interference, pathloss and shadowing.
If there is improvement in restricting the assigned
resource blocks, i.e. if user xi is assigned RB ˆkh,xi at
iteration h and u2
xi, ˆkh,i
≥ u1
xi, ˆkh,xi
+ thxi then the corre-
sponding entry of the restriction list R, r ˆkh,xi , is updated
with the highest interferer for that RB ˆkh,xi , with the
corresponding ideal utility u2
xi, ˆkh,xi
for the same RB and
the user xi scheduled on that RB and with the differ-
ence between the ideal and measured SINR γ 2xi,k − γ 1xi,k .
The columns of U1, corresponding to the assigned set of
resource blocks kˆh , are deleted and the process is repeated
until all the resource blocks have been assigned. The
n algorithm has been proven to be optimal in an assign-
ment problem where the number of resource blocks is
equal to the number of users [23]. In case this iden-
tity is not valid, the IHA provides a good suboptimal
solution that trades off performance for lowered computa-
tional complexity when compared with traditional convex
optimization techniques.
3.1.2 Restriction negotiation
We define as a cluster the group of cells interfering with
each other. A cluster can then have variable size depend-
ing on the propagation conditions as shown in Figure 1
and how the users are distributed within each cell. If there
are many users in the cell edge, these will witness higher
interference coming from the surrounding cells. Each sec-
tor exchanges with all the other sectors in a cluster its
restriction list R. The entries of the restriction lists con-
tain information on which RB k each sector would like the
interfering sectors to block, the ideal utility u2xi,k user xi,
scheduled on RB k, in sector s would achieve and differ-
ence between the ideal and measured SINR γ 2xi,k − γ 1xi,k .
From now on, we refer to utility u2xi,k as the utility the
sector would achieve on RB k: u2s,k . Then each sector
generates a cluster utility matrix Z in this manner: each
row of Z represents each sector in the cluster. If RB k
is marked for restriction in the restriction list of sector
s, then zs,k is equal to the utility u2x,k . If multiple sectors
request the same RB, then the utilities u2s,k are organized
in descending order. For each conflicting sector, a new col-
umn corresponding to the RB k is generated to account
for multiple RB assignments. Each entry of these columns
is zero except for the utility of the sector. If two or more
of these utilities are equal, they remain on the same col-
umn. The cluster utility is then at most S · S · K large in
the absolute worst case scenario where all sectors inter-
fere with all other sectors on all the resource blocks. Each
sector possesses its cluster utility matrix Z and proceeds
in assigning resource blocks to each sector using the IHA
described previously. The base station can use the same
process in the ‘restriction definition’ as well as in the
‘restriction negotiation’; thus, the complexity of the over-
all algorithm is just function of the size of Z. Once all
the resource blocks are assigned to the sectors, these rep-
resent the resources each sector needs to maximize the
global cluster rate and are stored in the final assignment
matrix A. Subsequently, the highest interferers present in
the restriction list, corresponding to each entry in A, have
to be restricted.
Each macrocell sector, then, determines from its A and
the restriction list which resource blocks it has to restrict
and avoids transmission on those resources thusmaximiz-
ing the capacity in its cluster. A picocell, on the other hand,
makes use of the difference between the ideal SINR and
themeasured one γ difs,k = γ 2s,k−γ 1s,k exchanged by the inter-
fered sector s. If RB k is then scheduled to be restricted,
the transmit power of the picocell, on that RB, is reduced
by the same difference in SINRs:
Pk = max
(
Pmax − γ difs,k , 0
)
, (8)
where Pmax is the maximum transmit power per RB in dB.
In this way, if the SINR difference is lower than the maxi-
mum transmit power on the RB, the pico base station can
re-use that RB for additional transmission; otherwise, it is
restricted in the same way as for the macro base station.
3.2 Femto interference management
An independent algorithm at the femtocell side is pro-
posed to limit the interference introduced by these
unplanned and uncontrolled small cells. Since no fast
backhaul communication between the tiers is assumed,
each femto access point has to be able to determine
whether it creates interference to macro cell users. In this
work, femto base stations possess sensing capabilities and
are able to overhear uplink communication between close
by macro and pico users to their serving base stations.
This assumption is highly advised in order to enable inter-
ference management and guarantee QoS; as in [16], the
authors have shown that low-power sensing of LTE signals
is possible, and if the femto base station is able to sense
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which RBs the interfered user is been assigned, then it
can reduce power on those specific resources. The femto
access point then determines the channel gain between
itself and the macro or pico neighbouring base stations; it
also determines the channel gains between the itself and
the macro (or pico) users nearby. The femtocell is then
able to use water-filling to reduce the transmit power on
the RBs assigned to the macro (or pico) user.
3.3 Notes on the iterative hungarian method
The Hungarian algorithm was found to be an opti-
mal solution method for the assignment problem for
square matrices in strongly polynomial time. This meth-
ods remains optimal as long as the number of workers
is identical to resources to be assigned. If this is not the
same, as in the problem considered, the optimal solu-
tion cannot be found so readily. One either strives for
optimality using algorithms for complete searches in com-
binatorial optimization, such as the branch-and-bound
[25], or applies a sub-optimal solution, such as the itera-
tive Hungarian algorithm. In [26], the authors have com-
pared these two methods and have noted that the iterative
Hungarian is able to reach a solution close to the optimal
one found by the branch-and-bound (up to 96.5% of the
optimal solution) while at a significantly reduced compu-
tational complexity (the iterative Hungarian converges in
3.8% of the time required by the optimal method). In [27],
the authors compare the iterative Hungarian method with
an optimal myopic search for dynamic spectrum access.
They show that the former reaches solutions very close
to the optimal method but the computational complexity
reduced by 25 times. The iterative Hungarian algorithm
is then able to reach a good sub-optimal solution at the
fraction of an exhaustive search.
4 ICIC results
In this section, the simulation scenarios and performance
results are presented and discussed. A downlink hetero-
geneous LTE network has been simulated with seven
macrocells and five picocells placed around the central
macrocell. A fixed number of ten randomly placed femto-
cells is used. Users are randomly scattered over the area
and feature constant mobility for the whole duration of
the simulations. Figure 2 presents the network under test,
where the hexagons represent the sectors of the macro-
cells, the triangle represent the picocells and the squares
represent the femtocells.
The network operates in full buffer, and full CSI
accuracy is assumed. The throughput, the signal power
received by each user and the behaviour of each cell are
recorded and analysed. A mixed indoor-outdoor envi-
ronment has been considered for the pathloss, with the
parameters presented in [20]. For all the simulations,
the internal cell resource allocation is performed with
Figure 2 Network simulated.
the iterative Hungarian scheduler [28]. The simulation
parameters are contained in Table 2.
4.1 Results for homogeneous networks
The average throughput of the macrocell users in a homo-
geneous LTE downlink network is analysed; the users are
organized in percentiles, and these represent the portions
of the users in the bottom % of their categories: the fifth
percentile users are the bottom 5% of the overall users,
usually referred to as ‘cell edge users’. The 100th per-
centile, on the other hand, represents the average cell rate.
In these simulations, the proposed method is compared
to the standard resource allocation (where no interference
coordination is applied and only the internal allocation
is performed) and the frequency reuse 3 where each cell
uses one third of the available bandwidth, not overlapping
with the neighbours, thus avoiding interference. The gains
of the proposed method and the frequency reuse 3 tech-
nique over the non-coordinated solution are presented in
Figure 3, where ICIC is the proposed method.
Figure 3 shows that since the proposed ICIC method
is designed to target mainly the users which suffer from
interference and are poorly served (lowest 5% to 10%),
it achieves high gain for low percentiles and no loss for
high ones. On the contrary, the ‘Reuse 3’ method targets
the whole bandwidth achieving high gain for the poorest
served users but very high losses for all the other ones.
The proposed method reaches, then, 86% of the gain of
the other solution without any of its drawbacks.
4.2 Results for heterogeneous networks
Once the solution is extended to a heterogeneous net-
work, with the parameters contained in Table 2, the
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Figure 3 Average gain of ICIC and reuse 3 methods over no
coordination in a homogeneous network.
impact of the proposed method on macrocell users
decreases as themacro users nowwitness additional inter-
ference coming form the pico- and femtocells and there
are more cells which have to coordinate for the same
amount of resources and the method can only address
the highest interferer. Figure 4 presents the gains of the
proposed solution for macro, pico and femto users (with-
out any power control on pico or femtocells but only
restricting the interfering RBs completely).
It is noticeable that both macro and pico user perfor-
mances increase considerably, with a slight (4%) loss for
the highest performing macrocell users; this is due to the
fact that picocells still interfere for those users but they do
not get selected by the proposed method because of their
good channel quality conditions (as the proposed solution
only targets starved users). The combined gain for macro
and pico users is shown in the black curve. On the other
hand, femtocell users witness a lower performance due to
the absence of communication between the tiers.
If power water-filling is allowed for pico and femto base
stations are allowed in order to minimize losses, while still
reducing overall interference the gains improve as shown
in Figure 5. At the price of a very slight loss for macro-
cells users (2%) due to the minimal increase in interfer-
ence due to the non-complete restriction in transmission
power, we see an increase in performance in both pico
and femto users (10% and 4%, respectively). The effect on
the combined macrocell and picocell users shows that the
picocell users tend to have higher throughput than the
macrocell ones and thus the gains at lower percentiles are
higher when compared to the previous implementation
in Figure 4 but less than for just the picocell users. On
the other hand, the complete gain shows also an improve-
ment for the high percentiles, reducing the loss to 3%.
The results show that the proposed method works well
and allows for a consistent increase in performance for the
macro and pico users which outperforms traditional static
solutions.
5 Impact of CSI accuracy and feedback overhead
In the previous sections, we have used state-of-the-art
assumptions for our ICIC solution, i.e. that each base sta-
tion has perfect information about the useful as well as
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Figure 4 Gains of proposedmethod for macro, pico and femto users over resource allocation without any power control.
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Figure 5 Gains of proposedmethod for macro, pico and femto
users over resource allocation with power control.
interfering signal strength received by each of its users on
each RB.
In reality, even though CQI could be measured on every
RB, the LTE standard allows only quantized information
to be reported back to the base station to limit the amount
of uplink resources necessary for signalling. Since ICIC
techniques rely on the detailed information collected for
each RB, this limitation reduces the performance of any
ICIC method.
Specifically, the LTE standard allows three different CSI
quantization reporting methods to reduce the impact of
signalling information on the uplink bandwidth:
• Wideband : each user transmits a single 4-bit CQI
value for all the RBs in the bandwidth.
• Higher layer configured or subband level : the
bandwidth is divided into q subbands of k
consecutive RBs and each user feeds back to the base
station one 4-bit wideband CQI and a 2-bit
differential CQI for each subband. The value of k is
bandwidth dependent and is expressed in Table 3,
where NDLRB is total number of downlink RBs in the
bandwidth (table 7.2.1-2 in [29]).
• User-selected or Best-M: each user selectsM
preferred subbands of equal size k and will transmit
to the base station one 4-bit wideband CQI and a
single 2-bit CQI value that reflects the channel
quality only over the selectedM subbands.
Additionally, the user also reports the position of the
selected subbands using PFB bits, where PFB, as given
in [29], is as follows:
PFB = 
log2
(NDLRB
M
)
. (9)
Table 3 Subband size (k) vs. system bandwidth for
subband level feedback
System bandwidth Subband size
NDLRB (k)
6 to 7 NA
8 to 10 4
11 to 26 4
27 to 63 6
64 to 110 8
The value ofM and the amount of RBs in each
subband is given in Table 4 (table 7.2.1-5 in [29]).
In [19], we have introduced additional CSI quantiza-
tions based on the Best-M method where the number
of M subbands is not fixed to 6, and instead of a single
CQI valid for all the subbands, one value per subband is
used instead. This brings an increased amount of feedback
while it allows the users to use a higher resolution of the
best RBs using only wideband information for the others.
We refer to this method as:
• Variable Best-M: In this work, the number of
subbands varies between 1 and 5 and their size is
bandwidth dependent and is chosen according to the
values in Table 4.
In order for any ICIC mechanism to work, the users
need to communicate some identifying information on
the interferers to their serving base station. This proce-
dure can be quite costly, in terms of bandwidth as a global
cell identifier in LTE is set to be 28 bits long [30]. It is
reasonable to assume that much fewer bits might be nec-
essary for the system to operate as each base station can
build a look-up table where the identities of the interfer-
ing neighbours are stored and each user simply feeds back
the relative entries in the table. This additional overhead
is not considered in this analysis as it is beyond the scope
of this work to develop a compression scheme for the cell
identifying information.
Table 4 Subband size (k) and number of subbands (M) vs.
system bandwidth for user-selected feedback
System bandwidth Subband size M
NDLRB (k)
6 to 7 NA NA
8 to 10 2 1
11 to 26 2 3
27 to 63 3 5
64 to 110 4 6
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Furthermore, the assumption that each user is capable
of determining the identity of all the interfering base sta-
tions and to differentiate between the power received by
them is a very common but weak one. In reality, a mobile
user would not be capable of sensing the power of a signal
with power very much lower than the wanted signal; an
alternative solution is for a user to determine the identity
of a wideband interferer by collecting the synchronization
information over time.
Table 5 presents the throughput results for the 5th,
50th and 95th percentiles normalized over the standard
compliant ‘subband level’ feedback method. The differ-
ent quantizations are applied to the useful signal in order
to determine the user’s channel quality and to the inter-
ference signals in order to determine the impact of the
CSI quantization on the proposed ICIC method. In the
table, the acronyms Full, SL, BM and W refer to full res-
olution (per RB, no quantization), subband level, Best M
and wideband (only one CQI value is transmitted associ-
ated with the highest interferer), respectively. The variable
Best-M method is indicated instead with Bx where x rep-
resents the amount of subbands used in the method. The
throughput gains (or losses) are normalized over the sub-
band level method as it represent the default method
chosen in the LTE standard. Since acquiring information
on the interference is more difficult than on the wanted
signal, the CSI on the former is assumed have, generally,
lower resolution than for the wanted signal. The last two
columns in the table represent the cost of this signalling
information on the uplink bandwidth in bits per single
user and the amount of uplink bandwidth used by each
user (with a 1/2 code rate and a 16QAMmodulation for a
20-MHz bandwidth).
The full resolution scenario is the one with the high-
est performance, but in practice, it cannot be used as it
requires almost four times the amount of signalling infor-
mation; this means that with only 20 users, an uplink 20
MHz uplink bandwidth would be exhausted [19].
Interestingly, methods such as variable Best-M can suc-
cessfully increase performance for low-performing users
over the subband level state-of-the-art while decreasing
the overall amount of signalling. This is due the fact that,
with this method, users are able to allocate a high reso-
lution to the subbands which present the highest quality
and are thus most likely to be scheduled. A universal solu-
tion should take into account the practical limitations of
the network and adapt the amount of signalling informa-
tion necessary by each user accordingly to their relative
performance.
6 Conclusions
In this paper, we propose a cooperative distributed heuris-
tic algorithm for interference management in heteroge-
neous LTE networks. The proposed scheme efficiently
allocates resources and reduces interference as it adapts
to the network conditions. The method proposed here
is scalable and adapts well to the dynamic behaviour of
HetNets. We compared our scheme to well-known ref-
erence methods, and it delivers a consistent gain for the
starved user’s data rate in both homogeneous and hetero-
geneous networks. The scheme requires only communi-
cation between macro and pico base stations while the
femtocells operate autonomously. It generates a gain of
45% for the combined macro and pico edge users at a very
small cost for the cell centre lower than 4%. It optimizes
greatly picocell performance, with improvements of more
than 50% at a small cost for femtocell users (15%).
We have also studied the effects of quantizing CSI
information on the proposed ICIC solution and shown
that more resolution on the relevant RBs can increase
Table 5 CSI feedback cost
Resolution Percentiles gain FB amount Uplink
Useful signal Interference 5th 50th 95th (bits) percentage
Full Full 8.65 2.21 1.77 408 4.9
Full SL 6.1 1.78 1.44 264 2.8
Full W 5.6 1.7 1.4 206 2.4
SL SL 1 1 1 120 0.71
SL W 0.8 0.99 0.99 62 0.38
BM BM 0.94 1.03 1.01 148 0.85
BM W 0.86 1.01 1 76 0.46
B5 W 2.1 1.2 1.12 84 0.5
B4 W 2 1.12 1.05 70 0.43
B3 W 1.9 1.1 1 58 0.35
B2 W 1.65 0.9 0.9 44 0.27
B1 W 1.46 0.9 0.89 26 0.18
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performance while still maintaining the signalling infor-
mation at levels lower than the current state of the art.
The variable Best-M CSI quantization method improves
the performance of both the resource allocation and the
ICIC when compared to SoA solutions and encourages
the network to use adaptive CSI quantizations to provide
high-quality channel state information for the users who
need it on the portions of the bandwidthmore relevant for
them.
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